National and international regulations require that chemicals must be properly classified, labeled, packaged, and transported based on their ability to damage or destroy tissue, e.g., skin. Traditionally, skin corrosion assessments were based on tests involving topical application of test substances to the skin of rabbits. In the present work, an in vitro skin corrosion test based on the use of reconstructed human skin cultures was developed as a potential replacement for in vivo rabbit skin tests for corrosion. In the in vitro method, test substances were applied topically to the stratum corneum surface of human skin cultures. Skin culture damage or cytotoxicity was measured as decreased 3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyltetrazolium bromide (MTT) vital dye metabolism. In time-course experiments, the time (in minutes) of test material exposure eliciting a 50% reduction of MTT metabolism (i.e., tSO value) was calculated. Using this method we evaluated 24 chemicals and found that the 9 corrosive chemicals were accurately distinguished from 15 strong, moderate, or mild skin irritants, using an in vitro cutoff of f50 < 3 min. Histologic examination of the cultures indicated gradations of epidermal necrosis quantitated using a specially designed grading scale, which correlated well with the corrosivity of treatment chemicals and cytotoxicity measurements. The predictivity of the method was confirmed and was consistent in skin culture models from two suppliers. Thus, the utility of human skin equivalent cultures as a screening tool for prediction of skin corrosivity appears to be independent of the commercial source of the cultures. We conclude that the in vitro assay using human skin equivalent cultures is a promising alternative to in vivo rabbit skin corrosion tests for assessment of the corrosivity of chemicals to human skin. © i»6 society of Toxi col ogy
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The potential for chemicals to cause skin effects such as corrosion is a concern of industrial toxicologists in their assessments of possible worker and consumer safety issues and to comply with regulatory requirements (Nixon et al., 1975 (Nixon et al., , 1990 . The U.S. Department of Transportation (DOT) and other international regulatory agencies (OECD, 1993) require that substances be labeled as to skin corrosivity based on potential for tissue destruction. DOT requirements (Code of Federal Regulations, 1991) state that a material is considered destructive or able to cause irreversible alteration in human skin tissue if, when tested on intact skin of an albino rabbit, the structure of the tissue at the site of contact is destroyed or changed irreversibly after an exposure period of 4 hr or less. The DOT test protocol, based on the methods of Draize et al. (1944) , requires application of a test substance (0.5 ml liquids; or 0.5 g solids and semisolids) to the shaved intact skin of albino rabbits (n = 6) for 4 hr under a square cloth patch, such as surgical gauze. Damage to intact skin is assessed visually at 4 and 48 hr. If destructive or irreversible alteration of the tissue on at least two of six rabbits is observed, then corrosion is considered to have resulted. Tissue destruction is considered to occur if there is ulceration or necrosis and does not include merely sloughing of the epidermis, erythema, edema, or fissuring.
Investigators have targeted rabbit skin corrosion testing for replacement with an in vitro method. The rabbit skin corrosion screen is used both nationally and internationally by industrial chemical companies and others and thus has been a high priority for development of a nonanimal alternative. Proposed in vitro models for identification of skin corrosives include using excised rat (Oliver et al., 1986 (Oliver et al., , 1988 or human skin slices Basketter, 1993a, 1993b) . These methods are based on the observation that corrosive substances cause a significant reduction in electrical resistance of skin. These models are limited in that the rat skin model requires animals and the human skin model has difficulties stemming from lack of availability and nonuniformity of samples Basketter, 1993a, 1993b) . The Corrositex model [In Vitro International, (IVI) ] is a commercially available in vitro corrosion screen that has been accepted by the U.S. DOT (IVI Application for Exemption, 1993) as a replacement for the rabbit skin corrosion test for certain chemical classes. Corrositex is a noncellular method measuring the time it takes for a chemical to penetrate a biobarrier and cause a visually detectable color change in chemical detection reagents. This model lacks features of human skin, i.e., epidermis, dermis, and stratum corneum barrier, relies on a subjective endpoint, and is limited in the classes of chemicals compatible with the detection reagents.
In the present work, we evaluated commercially available in vitro human skin equivalent cultures for responses to skin corrosives. Our approach was to develop methods that mimic topical in vivo exposures using in vitro human skin models from the species and organ of concern. We chose to use human skin cultures that are commercially available in order to allow for broad availability and evaluation of the test method. In addition, we selected predictive in vitro endpoints that have relevance to human skin corrosion, e.g., cell viability (Osborne and Perkins, 1991a , 1991b , 1994 . One relevant in vitro model, Skin 2 cultures from Advanced Tissue Sciences, was developed for autologous grafting in human burn patients and diabetics and is also available for toxicological studies (Naughton et al., 1989) . These human skin cultures are three-dimensional constructs containing human foreskinderived fibroblasts and keratinocytes. The dermis of the coculture is produced by growing human dermal fibroblasts on a nylon mesh for 4 weeks until a physiological dermal-like matrix is formed (Triglia et al., 1991) . This matrix contains collagen I and III, fibronectin, and glycosaminoglycans. Keratinocytes seeded on this dermal matrix are grown at an air-liquid interface to produce differentiated epidermis with basal, spinous, and granular layers along with a functional stratum corneum. This human skin culture has been characterized and the barrier function found to be on the same order of magnitude as human neonatal foreskin (Slivka et al., 1993) . Another three-dimensional human skin equivalent culture model (EpiDerm from MatTek) consists of a multilayered cornified epithelium including a stratum corneum but lacking a dermal element. The EpiDerm skin culture model has been characterized as to ultrastructure and barrier function (Cannon et al., 1994) . Thus, because of their threedimensional stratified epidermal structure, these cultures appear to be appropriate models to use for development of a nonanimal in vitro corrosion test in which the skin may be compromised or destroyed.
The hypothesis tested in this study was that rate and extent of cytotoxicity produced by topical application of test substances to stratified human epidermal cultures would correlate with in vivo rabbit skin corrosion. To test this hypothesis, methods were developed to assess the rate of cell damage produced by test materials that ranged in skin irritancy from mild to corrosive. The method is based on techniques we developed previously for in vitro eye and skin irritation assessments (Osborne et al., 1993 (Osborne et al., , 1995 . In this method, diluted and undiluted or insoluble test materials such as powders, granulars, creams, gels, foams, and waxes, were applied directly to the stratum corneum surface of human skin cultures thereby mimicking in vivo topical exposures. Rates of cell damage were determined using the MTT cell viability assay (Carmichael et al., 1987) . The MTT assay was chosen as an in vitro marker of skin damage of relevance to tissue necrosis seen in skin corrosion in vivo. In addition an objective histological analysis was performed to corroborate the cutaneus damage.
MATERIALS AND METHODS
Test chemicals. The chemicals used in these expenments represent a range from mild irritants to severely corrosive materials that cause irreversible damage (CFR Code of Federal Regulations, 1991 : Nixon et al., 1975 , 1990 [11 X 11 mm (ZS1300) or 9 X 9 mm (ZS130I)] along with components necessary for tissue culture including skin culture maintenance [Dulbecco's modified essential medium (DMEM) containing 5% fetal bovine serum, hydrocortisone, and ascorbate] and assay medium (DMEMbased). Upon arrival, the cultures were removed aseptically from shipping agar and placed dermis-side-down onto filter inserts in 6-well plastic culture plates containing 1 ml/well of assay medium. Cultures were maintained in a humidified atmosphere at 37°C and 5% CO 2 , except for the brief treatments with test chemicals, which were performed in a chemical fume hood.
For the Skin 2 cultures, test substances were applied onto 18-mm round glass coverslips (Fisher Scientific Company, Pittsburgh, PA) using volumes of 25 fi\ (Skin 2 Model ZSI300) or 15 //I (Skin 2 Model ZS 1301) of test material. The inert glass coverslips were used for test substance application to the skin cultures as they would not react with or be degraded by the test substances. A positive displacement pipet (Gilson Micromam Rainin Instrument Co., Woburn, MA) was used to apply liquids as well as thick or viscous substances to the glass coverslips. Test material was spread on the covershp using the pipet tip to approximate the surface area of the square culture mesh. For skin culture exposure to test substance, the culture was gently grasped by a corner with fine-tipped jewelers forceps and was placed stratum corneum-side-down into the test substance on the glass coverslip. To ensure complete exposure of the test material to the skin culture surface, the culture was gently pressed (stromal surface) into the test material on the coverslip using the curved edge of the forceps. The skin culture-test substance-coverslip construct was then inverted onto a porous cell culture insert |Costar Transwell (Costar Scientific Corp., Cambridge, MA)] so that the stratum corneum (the treated skin culture surface) was facing up. The insert was then placed in a 6-well culture plate containing 1 ml of assay medium/well. The assay medium was used to feed the stromal surface of the culture during test material exposure. For application of dry powder or granular test substances, the test sample was ground with a mortar and pestle to 40 mesh (425 /j,m) size (Osborne el al., 1993 (Osborne el al., , 1995 . Then a Skin 2 culture was placed onto a culture plate insert stromal side down. A stainless steel powder delivery hopper (Advanced Tissue Sciences Part ZA0070) was positioned directly above the culture to uniformly deliver 25 mg (Skin 2 Model ZSI300) or 15 mg (Skin 2 Model ZSI30I) of test powder onto the stratum corneum surface of each culture. A coverslip was then placed on the surface of the powder-treated culture. Test substances were applied to the cultures in a chemical fume hood. For treatment exposure times of 3=5 min the treated skin cultures were placed in a 37°C and 5% CO 2 humidified incubator. Exposures ==5 min were performed entirely in the fume hood. For treatment times of less than I min, the treated cultures remained inverted on the treatment coverslip in the chemical fume hood but were not placed on inserts in a 6-well culture plate with assay medium. Time-matched control cultures were treated with deionized distilled water.
To remove test substances. Skin 2 cultures were removed using forceps from the treatment coverslip and washed with Dulbecco"s phosphatebuffered saline [(DPBS) 1 x, pH 7.0; Gibco BRL. Grand Island, NY] using a gentle stream from a wash bottle. Along with washing with DPBS, the stratum corneum surface of the culture was gently wiped along the smooth edge of the filter insert to remove any residual test material. Each Skin rial as assessed by visual inspection. For treatment times of 10 sec or less a different wash procedure was used in which treated cultures were immersed in a series of 3-to 300-ml DPBS baths followed by a final DPBS rinse from a wash bottle. The washed Skin 2 meshes were transferred to a 24-well culture holding plate containing 2 ml of assay medium per well until all treatments were removed from the skin cultures prior to the measurement of MTT dye metabolism.
Efficiency of test material removal.
The efficiency of the wash procedure was evaluated since retained material could continue to damage cells during the posttreatment MTT incubation. To determine the amount of residual test substance left on the cultures after the wash procedure, Skin 2 (ZS1300) cultures (n -3) were treated with 25 y\ of a solution of the surfactant, linear alkyl benzene sulfonate (LAS). LAS was chosen as a prototype because as a surfactant its high membrane binding would make it difficult to remove from cells (Schwuger and Bartnik, 1980) . LAS was applied to the culture surface for 1 min and then washed off using the procedure described above. The residual amount of LAS remaining on the cultures was extracted by sonication of each cell culture for 5 min in 5 ml of methanol:water (1:1) containing 5 mg of C-8 LAS (Aldrich Chemical Co.) internal standard. The extract was filtered through a 0.45-/im nylon syringe filter and a l-/zl aliquot analyzed by flow injection with ionspray mass spectrometry on a Sciex API III mass spectrometer. Concentrations were calculated by applying the molar response factor of C-8 LAS to all LAS species. The total amount of residual LAS remaining from the original sample was 20.87 fj,g, which was ~2% of the amount present in the original 25-fi\ sample. This residual amount of LAS is insufficient to affect the MTT metabolism of the skin cells, based on previous dose response evaluations in submerged skin cell cultures .
EpiDerm cultures and test procedures. EpiDerm skin cultures (Part
No. EPI-100) were purchased from MatTek Corp. (Ashland, MA). The EpiDerm kit consisted of 24 individual skin cultures which have a usable culture area of 0.6 cm 2 . EpiDerm skin cultures are grown on filter membranes (10 mm in diameter) in culture plate inserts. Components necessary for skin culture maintenance were included in the EpiDerm kits. On arrival, cultures were placed at 4°C until used for experiments usually within 24 hr of arrival. Before treatment, EpiDerm cultures were removed aseptically from their shipping packages and transferred to 6-well plastic culture plates containing 1 ml of MatTek EpiDerm assay medium. Cultures were placed in a 5% CO 2 incubator at 37°C for 1 hr prior to treatment to remove residual shipping agar.
For treatment with test substances, the assay medium was aspirated from the EpiDerm cultures and 1 ml of fresh assay medium replaced beneath the cultures. A 25-/zl aliquot of test substance was pipetted directly onto the stratum corneum surface of each culture using a positive displacement pipet. The test substance was quickly and gently spread with the blunt pipet tip evenly across the culture surface. Distilled water was used as the negative control. Cultures were treated for 3 min. Test substance was removed by washing the EpiDerm cultures with DPBS gently squeezed from a wash bottle onto the wall of the culture, but not directly onto the culture surface. Excess DPBS was removed from the EpiDerm cultures by gently shaking the inverted culture. Washed EpiDerm cultures were blotted briefly on sterile gauze and transferred to a 24-well culture holding plate containing 300 /il of assay medium prior to the measurement of MTT metabolism.
MTT viability assay. The MTT assay is a colorimetric method of determining cell viability based on reduction of the yellow tetrazolium salt 3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyl tetrazolium bromide (Sigma Chemical Co.) to a purple formazan dye by mitochondria! succinate dehydrogenase in viable cells (Carmichael el al, 1987) . To perform the MTT assay, medium was aspirated from the skin culture holding plates and skin cultures were then immersed and incubated for 3 hr at 37°C and 5% CO 2 in MTT reagent (300 jA of a 1-mg MTT/ml assay medium for EpiDerm cultures; 2 ml of 2 mg MTT/ml assay medium for Skin 2 cultures). At the end of the MTT incubation, cultures were washed with DPBS, and the purple formazan product was extracted with 2-propanol (J. T. Baker, Phillipsburg, NJ) for 2 hr on a rotating/shaking platform at room temperature. The absorbance of 200-/il aliquots of the alcohol extract was measured at 540 nm with a Biotek EL312 microplate reader. Responses of Skin 2 (ZS1300) cultures to test substances were evaluated in time-course experiments. For each test substance, cell viability (MTT metabolism) results for each exposure time were plotted as a percent of time-matched control values, similar to the plot shown in Fig. 3 . Based on the Skin 2 (ZS1300) results, the Skin 2 (ZS1301) and EpiDerm cultures were exposed to test materials for 3 min. For these culture models, cell viability data are reported as percentage viability (treatment/control X 100).
Histology. Treated and control skin cell cultures were washed free of treatment chemicals as described above and were collected into 10% buffered neutral formalin. Cultures were placed in a series of increasing concentrations of alcohol using hand processing (instead of automated tissue processing) to help maintain the integrity of the delicate skin cultures. Generally, skin cultures were embedded in paraffin, sectioned at 5 /xm, and then
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PERKINS, OSBORNE, AND JOHNSON Human skin cultures were treated topically with selected test chemicals or distilled water (control) for 3 min and prepared for histologic examination as described under Materials and Methods. Histopathology of the epithelium was graded using the scale in Table 1 . Representative sections are shown here to illustrate the grading scale used to evaluate responses to test chemicals stained with Hematoxylin and Lee. To determine if paraffin embedding and sectioning caused artifactual alterations of the Skin 2 cultures, a few control samples of the Skin 2 cultures were also embedded in glycolmethylmethacrylate plastic (JB-4 Embedding Kit), sectioned at 2 /im, and then stained with Hematoxylin and Lee. All histology slides were blind coded prior to grading by a board certified pathologist for epithelial degeneration and necrosis using criteria outlined in Table 1 .
Statistical analysis. Differences between the histology scores of treated and control cultures were evaluated using both normal distribution and distribution-free techniques. If Bartlett's test for homogeneity of variance was not significant, comparisons with the control group (and other specific, pairwise comparisons of groups) were based on the least significant difference criterion. If Bartlett's test was significant, these comparisons were based on Wilcoxon's rank sum test. All statistical tests were conducted at a 5%, two-sided risk level (Snedecor and Cochran, 1989) . SAS programming (SAS Research Institute, Cary, NC) was used to calculate the f50 value for each material, i.e., the time required (in minutes) for a 50% reduction in MTT metabolism in treated cells, by interpolation at the 50% level along a straight line between the two points spanning the 50% response level (e.g., dotted line in Fig. 3 ).
RESULTS

Human skin cultures. Figures la and lb show histological cross sections of control Skin
2 and EpiDerm human skin cultures, respectively. Skin 2 cultures (Fig. la) contain a stromal (dermal fibroblast) component and a multilayered epidermis consisting of a basal layer of keratinocytes, several layers of differentiated keratinocytes, and a stratum corneum. EpiDerm cultures (Fig. lb) also contain a stratified and cornified epithelium, but lack a dermal element.
Histopathologic responses of human skin cultures to test chemicals. In order to evaluate the histologic appearance of cultures treated with corrosive and noncorrosive chemicals, cultures (Skin 2 -ZS1301 and EpiDerm) treated for 3 min with test chemicals were graded by a pathologist for histologic evidence of epithelial degeneration and necrosis using the grading scale and descriptors in Table 1 . An example of each grade (0-5) that was assigned to describe the effects of test chemicals on the skin culture epithelium is illustrated in Fig. la-11 for both Skin 2 and EpiDerm cultures. The grades ranged from 0, which was considered normal human skin culture epithelium, to a score of 5, which represented severe degeneration/necrosis of the epithelium. Paraffin embedding of Skin 2 control and treated cultures (Figs, lc, le, lg, li, Ik), as recommended by the manufacturer, led to some artifactual effects that were not apparent in a plastic embedded control culture (Fig. la) . Therefore, the grades for paraffin embedded Skin 2 control cultures (Fig. lc) were higher than for EpiDerm control cultures (Fig. lb) . Plastic embedded Skin 2 cultures (Fig. la) had grades comparable to EpiDerm control cultures (Fig. lb) . The histologic appearance (grade) of skin cultures treated with noncorrosive chemicals was statistically indistinguishable from control Skin 2 and EpiDerm cultures. However, Skin 2 and EpiDerm cultures treated with corrosives showed severe histologic changes with grades that were significantly different from controls (p *£ 0.003; Fig. 2 ).
Human skin culture reproducibility. The consistency of control Skin 2 and EpiDerm cultures was evaluated using the MTT assay of cell viability. The absorbance values of the formazan dye extracted from each control culture were measured at 540 nm. For the Skin 2 (ZS1300) control cultures used in the preliminary method development experiments, the extracted dye had a mean absorbance of 1.80 ± 0.50 (mean ± SD) across 13 separate experiments and culture lots. For the EpiDerm control cultures, the absorbance averaged 1.62 ± 0.20 (mean ± SD) across 3 separate experiments and culture lots. The average control absorbance for Skin 2 (ZS1301) cultures was 1.09 ± 0.12 (mean ± SD) for one experiment (1 culture lot).
Cell viability changes in human skin cultures.
The development of in vitro procedures for skin corrosion testing using an objective endpoint to measure changes in cell viability in human skin equivalent cultures was conducted in two stages. First, time-course experiments were performed in Skin 2 (ZS1300) cultures. The test material exposure times causing a 50% decrease in cell viability (MTT metabolism), the t50 values, were calculated for neat (undiluted) or diluted test materials in replicate experiments (Fig. 3) .
Based on these time-course studies using the Skin 2 (ZS1300) human skin cultures, it was determined that a t50 cutoff value of <3 min could correctly classify corrosive chemicals from noncorrosive chemicals for the materials tested (Table 2 , Fig. 4) . Of the 24 materials tested, 9 corrosive chemicals had ?50 values less than 3 min. The remaining 15 substances were mild to severe skin irritants (noncorrosive) that produced ?50 values >3 min. Cultures treated with noncorrosive substances were statistically indistinguishable from control cultures. The Skin 2 histopathology grade for control cultures (paraffin-embedded) was greater than for EpiDerm control cultures (paraffin-embedded). However, when embedded in plastic, the Skin 2 control culture grade was comparable to the EpiDerm control, indicating that the appearance of Skin 2 control cultures grade was influenced by artifactual damage from paraffin embedding and sectioning.
experiments was performed to verify the 3-min cutoff for distinguishing corrosives from noncorrosives. Two other human skin culture models were used: Skin 2 (ZS1301) and EpiDerm (EPI-100). The ZS1301 cultures were the production model of the Skin 2 cultures and were similar to the prototype ZS1300 cultures used in the methods development experiments with the exception of a smaller size (9x9 mm square for the ZS 1301 vs 11 X 11 mm square for the ZS1300). The Skin 2 (ZS1301) and EpiDerm cultures were treated for 3 min with test chemicals and cell viability was determined as a percent of control levels. As predicted from the preliminary time-course experiments, the corrosive chemicals produced a <50% viability after the 3-min exposure (Table 3 ) whereas the noncorrosive materials tested had a viability >50% of control.
Comparison of cell viability and histopathology responses. The Skin 2 (Model ZS 1301) and EpiDerm cultures were treated for 3 min with test chemicals and cell viability was determined by measurement of MTT metabolism. Treatment with the corrosive chemicals reduced cell viability to <50% of control levels whereas cultures treated with noncorrosive materials had cell viabilities 3=50% of control ( Table 3 ). The MTT cell viability data showed good correlation to histopathology grades for responses to test chemicals in both the EpiDerm (r = 0.80) and Skin 2 (r = 0.74) cultures.
DISCUSSION
The objective of this work was to develop an in vitro approach for skin corrosion testing as an alternative to rabbit skin corrosion testing. Human skin equivalent cultures were selected as the in vitro model system because: (1) the cells are derived from the species of concern (human) with biochemical and histologic similarities to intact human skin; (2) the epithelium of the cultures is stratified and cornified, thus modeling the three-dimensional structure of epidermis (Table 2 ) are shown to illustrate the calculation of the »50 values, which are interpolated at the 50% level along a straight line between the two points spanning the 50% response level (dotted line). 
"Concentrations of test materials at 100% refer to "neat" use from the bottle. Numbers in parentheses indicate the concentrations of active material assayed to be in the neat substances. Concentrations of test materials at less than 100% were diluted in deionized distilled water (w/v %).
b Corrosives were classified based on U.S. Department of Transportation guidelines (CFR, 1991) or In vivo data from Nixon et al. (1975 Nixon et al. ( , 1990 . c n = The number of experiments performed with each test substance. Where more than one experiment was conducted, the mean ± SD of several experiments is indicated. and allowing for topical applications to the stratum corneum, mimicking in vivo exposures; and (3) the cultures are grown on a nylon mesh or filter and are amenable to manipulation, such as for application of difficult-to-handle test substances. Cell cultures from two commercial suppliers were used. The commercial source of the cultures makes them readily and widely available so that the test method can be evaluated in other laboratories.
The test chemicals used for methods development were selected to reflect a range of irritancy potential from mild irritants to severe corrosives that cause irreversible skin damage in vivo. The in vitro method we developed measured decreased cell viability (MTT metabolism) as a rapid, objective, and quantitative means of assessing skin culture damage. The cultures were also evaluated for histopathologic responses and were graded for epithelial degeneration/necrosis, degenerative changes related to skin responses in vivo. The extent of the decreased cell viability correlated well with the degree of histopathologic degeneration/necrosis in the in vitro corrosivity test. In addition, the results confirmed the hypothesis that the severity of skin response in vivo is inversely correlated to rates of cell damage in vitro.
The in vitro skin corrosion method we developed was based on the observation that a 50% reduction in cell viability at a test material exposure time of <3 min correctly identified the DOT classified corrosives. There was some overlap between the corrosive and noncorrosive classification of materials at the 3-min cutoff, e.g., the upper boundary standard deviation around the f50 (2.6 min ± 1.4) for 10% sulfuric acid could incorrectly classify this material as noncorrosive. This overlap is due to interstudy variability across the four replicate time-course experiments performed with this test substance; thus, the cutoff might be considered a zone rather than an exact value. The corrosivity potential of substances with f50 values close to the 3-min cutoff needs to be carefully assessed in this regard. The additional perspective of possible histopathologic changes may aid in corrosive/noncorrosive predictions. This zone of corrosive/noncorrosive overlap also exists in in vivo data. Others (Nixon et al., 1975) have shown that rabbit skin can be more sensitive than human skin and therefore overclassification of chemicals has been reported. For example, Whittle and Basketter (1993b) suggested that certain substances are being overlabeled as "corrosive" (e.g., fatty acids) on the basis of animal data when human tissue experience suggests the materials are not corrosive.
After developing the basic in vitro skin corrosion method in the Skin 2 Model ZS1300 (11 X 11 mm) cultures, we determined that this method could be reapplied to the smaller Skin 2 model ZS1301 (9 X 9 mm) and the EpiDerm skin cultures. These skin culture models were shown to correctly distinguish corrosive from noncorrosive chemicals using 3-min test material exposures, the MTT cell viability assay and histopathology grading of epithelial degeneration and necrosis. The in vitro skin corrosion test provided comparable results regardless of the commercial source of the cultures. Thus, it appears that the stratum corneum barrier present in both types of culture systems is a critical determinant in regulating skin responses to corrosives. This is important from a practical standpoint because the in vitro test does not appear linked to a single source of human skin equivalent cultures.
As an extension of the 3-min protocol described here, we trained Advanced Tissue Sciences (ATS) on our methods and ATS developed a modified 10-sec protocol to distinguish a chemicals' degree of corrosivity (Packing Group). Packing Group (PG) classifications for corrosive chemicals were adopted by the U.S. Department of Transportation in October 1993. These Packing Groups are used to distinguish the degree of corrosivity produced by chemicals and are defined based on the time required to produce a corrosive lesion when a material is applied topically to rabbit skin (Packing Group I substances produce a corrosive lesion in <3 min; Packing Group II <1 hr; Packing Group III <4 hr). The ATS method for determining Packing Group involves short (10-sec) exposures to test material of Skin 2 (ZS1301) cultures prior to measurement of MTT metabolism. In this 10-sec protocol [designated the Skin 2 (Model ZK1350) Corrosivity Assay], the percentage viability in treated cultures relative to control cultures is determined for each chemical and is used to classify skin corrosives as follows: < 10% viability at 10-sec exposure is classified as PG I; 10-50% viability " Concentrations of test materials at 100% refer to "neat" use from the bottle (% assay, see Table 1 ). Concentrations of test materials at less than 100% were diluted in deionized distilled water (%w/v).
b Corrosives were classified based on U.S. Department of Transportation guidelines (CFR, 1991) or in vivo data from Nixon et al., (1975 Nixon et al., ( , 1990 . c Materials with a percent viability (MTT assay) of <50% were correctly classified as corrosives (test substance 1-13) Data presented are the mean ± SD of values from duplicate experiments (Nos. 3 and 8 are mean ± SD of three experiments).
d Test substances were tested in a single experiment (n = 4 cultures/test substance). The SE values were <20% of the mean value for each test material.
' Histology grades are from one experiment and represent the average grade of two cultures/test substance. 1 Histology grades for treated Skin 2 cultures were not corrected for artifactual damage from paraffin embedding (Fig. 1) .
is classified as PG II; >50-80% is classified as PG III; and E stained sections, or if the test results are inconclusive, then >80% viability is classified as a noncorrosive. A preliminary the material must be further evaluated in a rabbit skin patch report of this work has been presented, along with an indica-test. In this regard, the histopathologic criteria described in tion of the interlaboratory reproducibility of the test (Burns-this paper will aid in uniform histopathologic analysis of Stevens et al., 1994) . degenerative changes in human skin equivalent cultures in The Skin 2 (Model ZK1350) Corrosivity Assay, developed order to distinguish corrosive chemicals from noncorrosives. as a 10-sec modification of the basic method we describe in Further development of standardized histopathologic grading this paper, was granted an exemption by the U.S. Department criteria of this type will provide for definitive analysis of in of Transportation (ATS Application for Exemption, 1994) . vitro responses for regulatory classification. The Skin 2 Corrosivity Assay was accepted for six classes of The 3-min exposure protocol described in the present chemicals including acids and bases (inorganic and organic), work shows good capacity to distinguish corrosive from nonquaternary ammoniums, surfactants, silicates, and hypochlo-corrosive chemicals. Shorter exposure times, e.g., 10 sec, rites. Interestingly, histopathology was included by the DOT may be required to distinguish degrees of corrosivity such as part of the exemption criteria. The exemption (ATS, 1994) as to meet DOT type requirements. However, where there states that if the results of the in vitro skin corrosion test is a need to obtain a corrosive/noncorrosive assessment, e.g., indicate that the material is noncorrosive (MTT metabolism as a preclinical safety screen, the 3-min exposure time ap->80% of control), standard hematoxylin and eosin (H&E) pears adequate and also shows the capacity to distinguish histopathology must be used to confirm the material as non-degrees of irritation (Fig. 4) . Another advantage of the longer corrosive. According to the DOT exemption, if H&E histo-exposure protocol is that it is less demanding from a technipathology is not used, if any alterations are seen in the H& cal standpoint than brief exposures, such as 10 sec. Thus, the sensitivity of the in vitro test system can be modified to meet classification needs, such as distinguishing packing groups versus corrosive/noncorrosive classification, by altering the duration of exposure of cultures to appropriate concentrations of test substances.
In summary, the present work demonstrates the utility of human skin cultures for in vitro testing of substances to predict skin corrosivity potential. Two in vitro endpoints, MTT metabolism and histopathology, demonstrate the feasibility of in vitro measurement of degenerative changes relevant to in vivo skin responses. Cell culture responses were similar across three human skin culture models, indicating the importance of the adequacy of the three-dimensional epidermal structure and not the culture substrate (e.g., nylon mesh vs culture insert). It is likely that other types of threedimensional in vitro air-interfaced human skin cultures (Ponec, 1994 ) that exhibit an epidermal structure and barrier function similar to the cultures described in the present work would perform in a similar manner. Finally, this work further confirms the potential for reduction in rabbit skin corrosion and irritation testing through the use of human skin culturebased methods.
